is paper presents an experimental investigation on the stress-strain behavior and damage evolution of steel-polypropylene hybrid fiber reinforced concrete (HFRC) with different fiber types, volume fractions, and aspect ratios. e damage evolution laws of HFRC were obtained using uniaxial cyclic compression and tension tests. e results show that the addition of hybrid fiber has a significant synergetic effect on the mechanical behavior of concrete. e peak strength, peak strain, toughness, and postpeak ductility of HFRC under both tension and compression are improved, and the damage accumulation and stiffness degradation are alleviated by increasing volume fractions of SF and PF, as well as aspect ratios of SF. Moreover, the steel fiber volume fraction shows a more pronounced effect than that of other considered factors on the enhancement of cyclic mechanical parameters of HFRC. Based on the unloading stiffness degradation process, analytical equations were, respectively, proposed to generalize the damage progression of HFRC under compression and tension, with the effects of hybrid fiber taken into consideration. Finally, the proposed uniaxial damage evolution equations combined with the calibrated concrete damaged plasticity (CDP) model in ABAQUS were used to predict the responses of HFRC materials and structural members subjected to shear and seismic loads. e comparisons between the numerical predictions and experimental results show a good agreement.
Introduction
Over the last decades, fiber reinforced concrete (FRC) has achieved rapid development and application in the field of civil engineering, which shows higher cracking resistance, toughness, tensile strength, postcracking ductility, fatigue, and seismic performance than the traditional one. Single FRC has been widely investigated in lots of experimental, numerical, and theoretical studies [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, the fracture in concrete is a gradual and multiscale process, occurring at both micro-and macrolevels due to the high heterogeneity of concrete matrix [10, 11] . erefore, it is very limiting when only using one type and dimension of fibers as the reinforcements and logical to employ the combination of fibers with different sizes, functions, and mechanics for an optimal behavior of concrete. In this sense, hybrid fiber reinforced concrete (HFRC), containing both steel fiber (SF) and polypropylene fiber (PF), has gained increasing recognition for its superior performance and has become a promising material [12, 13] . e structural design and applications of HFRC should have a deep and comprehensive understanding of its mechanical behavior and constitutive model. Given this, Xu et al. [14] [15] [16] [17] [18] [19] [20] [21] systematically investigated the mechanical behaviors of HFRC under uniaxial monotonic/cyclic compression and tension as well as the true triaxial compression, and based on the corresponding test results, constitutive equations were proposed to predict the mechanical responses of HFRC materials. Moreover, they also reported the experimental results of behaviors of HFRC structural members, i.e., short beams, deep beams, columns, beamcolumn joints etc., subjected to shear, flexure, and seismic loads. Meanwhile, results of the mechanical behaviors of HFRC materials and structural members with respect to the basic mechanical properties, flexural and seismic performance, etc., were also reported by other researchers [22] [23] [24] [25] [26] . In addition, corresponding models for HFRC were established using the multiphase micromechanics and elastoplastic concept [27, 28] . However, it should be mentioned that the failure of HFRC is mainly determined by the damage accumulation subjected to the external loads. e damage in HFRC should have a deep research and be considered in the establishment of the constitutive model. Of the limited few research studies on the damage constitutive models of HFRC, the work conducted by Chi et al. [29] is worth quoting.
e proposed model is a modification of the concrete damaged plasticity (CDP) model in ABAQUS using the experimental results.
e damage evolution laws are modified by previous studies based on some assumptions. Moreover, lots of theoretical models of FRC using damage mechanics are developed by previous researchers; however, the damage in those models is also transferred from the test results under uniaxial loading cases [30] [31] [32] [33] [34] . erefore, what the real damage evolution process in HFRC is and how the fibers affect the damages should be investigated deeply. It is well known that the cyclic loading test is one of the most direct methods to measure the damage evolution laws of materials [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . e damage in concrete can be quantitatively characterized by the unloading stiffness degradation process. Accordingly, the same test methods are also adopted in this work to measure the damage of HFRC.
From the above literature review, the objective of this paper is to study the stress-strain behavior and damage evolution of HFRC. For this aim, uniaxial cyclic compressive and tensile tests on the HFRC specimens with different fiber types, volume fractions, and aspect ratios were conducted. Analytical formulae for the damage evolution laws of HFRC under compression and tension were respectively proposed based on the unloading stiffness degradation process. Finally, the CDP model in the finite element software ABA-QUS for HFRC was calibrated, with the key parameters and two set of uniaxial monotonic stress-strain relations modified by the authors' previous studies. en, the model was validated by the experimental results using ABAQUS at both the material and structural scales.
Experimental Program

Materials and Specimen Preparation.
Ordinary Portland cement 42.5 R was employed as the binder. Crushed granitic rocks of sizes of 5-20 mm were used as the coarse aggregates. Normal river sands with the maximum size of 5 mm were used as the fine aggregates. e grading curves of the aggregates are presented in Figure 1 . A highly efficient water reducer with a reducing rate of about 20% was adopted. e mix proportions of plain concrete designed according to the Code JGJ 55-2011 [45] are given in Table 1 .
Two different types of fibers were considered, namely, SF and PF. e corresponding material properties are given in Table 2 . According to the previous studies [20] [21] [22] [23] [24] , the volume fractions of SF were selected as 1.0%, 1.5%, and 2.0%, and the aspect ratios of 30, 60, and 80 were adopted in this work. In addition, monofilament PF with the low volume fractions of 0.1%, 0.15%, and 0.2% was, respectively, used.
e details of the specimens are listed in Table 3 . e design of specimens is in accordance to the Chinese Standards CECS 13:2009 [46] . In this work, prismatic specimens with a dimension of 150 mm × 150 mm × 300 mm were prepared for the compression tests, and cylindrical specimens with the diameter of 75 mm and height of 200 mm were used for the tension tests. For each concrete mixture, three specimens were fabricated for each loading case in order to achieve an average value.
All the specimens were fabricated in accordance to the Chinese Standard CSCE 38:2004 [47] . After uniform mixing, the fresh concrete was cast into the prepared forms. After 24 hours, the specimens were demoulded and then stored in a standard curing room until the 28-day strength was achieved. In addition, for each case, six cubes with the side length of 150 mm were cast for determining the compressive strength and splitting tensile strength of concrete. e test results from averaging a group of three are summarized in Table 3 .
Test Setup.
e cyclic compressive tests were performed on a universal electrohydraulic servo rock testing machine, INSTRON-1346, as shown in Figure 2 (a). Two linear variable displacement transducers (LVDT #1 and LVDT #2) with a maximal range of 5 mm were used to measure the vertical displacement, and the lateral displacements were monitored by LVDT #3 and LVDT #4 with a maximal range of 2.5 mm. e axial loads and displacements were automatically recorded to the data acquisition system with a synchronized frequency of 50 Hz and then stored in a computer.
e uniaxial tension tests were conducted on a universal electrohydraulic servo rock mechanics test machine, MTS 815, with a load bearing capacity of 10000 kN, as shown in Figure 2 (b). During the loading process, two extensometers (#1 and #2) were used to measure the vertical strain of specimens. e gauge length is 100 mm, and the precision is 0.001 mm. e displacements and axial loads were automatically recorded in a computer. In this loading system, in order to avoid the loading eccentricity, the steel link chine and spherical hinge were designed. Moreover, the specimens were stuck to the steel plates using a construction structural adhesive. Furthermore, in order to avoid the debonding between steel and specimens, steel lantern rings with an internal diameter of 77 mm and a height of 25 mm were used. e internal side faces of them were mounted to the bottom and top of the specimens in order to increase the lateral shear strength along with the loading direction of specimens, and the bottoms were stuck to the steel plates.
Loading Procedure.
Hierarchical loading method with a displacement control load was used for both compressive and tensile tests, as shown in Figure 3 . At the beginning of each test, a preloading of approximate 10% of the ultimate compressive/tensile strengths was applied. For the cyclic compression, the loading was divided into two steps. In the prepeak region (stage I), the displacement increment in each step was 0.15 mm with a loading speed of 0.01 mm/s, and in the postpeak region (stage II), the displacement increment was set to 0.3 mm. e unloading process was a control load with a speed of 10 kN/s to the ultimate unloading load of 0.5 kN.
e test was terminated once the displacement limited value of 4.2 mm was reached. For the cyclic tensile loading case, the displacement increment which was the forward displacement of electrohydraulic actuator was set as 0.3 mm, with a loading speed of 0.0006 mm/s. Moreover, the unloading path was load controlled with a speed of 0.3 kN/s and was unloaded to 0.5 kN. e test was terminated when the displacement of 3.3 mm was reached. However, it should be noted that in order to avoid the unloading at the regions of peak stress, the displacement of 0.9 mm was not considered under both tension and compression in this study.
Experimental Results
Cyclic Stress-Strain Curves
Under Compression.
e typical stress-strain curves of HFRC under cyclic compression are shown in Figure 4 . In order to analyze the effects of hybrid fiber on the mechanical behavior, the corresponding envelope curves referenced as the upper boundary of the cyclic responses of the specimens are illustrated in Figure 5 .
e following results are found:
(a) Performance Degradation. Remarkable stiffness degradation and stress deterioration are observed for all the curves, which differ widely for different fiber parameters. e initial unloading path is almost vertical with an abrupt stress drop for a small strain increment; however, when the curve accesses the strain axis, the curvature of the unloading path turns larger. For the reloading path, significant stress deterioration is seen in comparison with the envelope stress at the same unloading strain, which is caused by the crack propagation and damage accumulation. No. Specimens (b) Energy Dissipation. Prior to the peak stress, the unloading path is almost overlapping with the reloading path because the concrete specimen almost remains elastic, where the hysteretic energy dissipation is not evident. However, in the postpeak region, the hysteretic loop becomes more obvious as the loading cycles increase. Moreover, the hysteretic energy dissipation capacity of FRC is stronger than that of plain concrete, where a small hysteretic loop after the peak stress is observed, and it fades away with increasing loading cycles. e phenomenon is attributed to debondings between aggregate and matrix in plain concrete. With respect to HFRC, the energy dissipation remains active. At the failure stage, ber sliding and pullout are the main contributors to the energy dissipation. (c) Load Drop. In general, the stress-strain curves of FRC are smoother than those of plain concrete. For FRC, the load drops are slighter when compared to plain concrete owing to the ber crack-bridging e ect. Moreover, a slower rate of sti ness degradation is found for SFRC, which is consistent with the observations in Reference [37] . (d) Envelope Curve. Fibers mainly a ect the postpeak response. When adding SFs into concrete, an enhancement in the peak stress is observed, and the deterioration in strength and unloading sti ness is 
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slighter than that of PFRC. e peak stress increases as the ber volume fraction increases and decreases with increasing ber aspect ratio. In addition, the e ects of SF for various ber parameters on the ductile behavior have a small undulation under cyclic loading. With respect to PF, it is found that the addition of PF has a slight improvement on the peak stress of HFRC, but the stress deterioration is more signi cant than that of SFRC. erefore, it can be concluded that the hybrid e ect of PF and SF is positive on the peak strength of concrete, in spite that the e ect of PF uctuates slightly. However, adding PFs into concrete has insigni cant e ects on the ductility of concrete when subjected to the cyclic loads, which can be interpreted that the initial damages such as microdefects increase with increasing volume fractions of PF. Figure 6 shows the typical stress-strain curves of HFRC under cyclic tension. e corresponding envelope curves are plotted in Figure 7 . e following results can be seen from these gures:
Under Tension.
(a) Performance Degradation. Unloading sti ness and strength degradations are observed for all the stressstrain curves. Before the peak stress, the unloading sti ness is near to the initial elastic sti ness. However, after the peak stress, the unloading sti ness decreases with increasing loading cycles. (b) Energy Dissipation. Alike the phenomenon under compression, the hysteretic loop formed by the unloading and reloading paths is insigni cant for both the pre-and postpeak branches. Moreover, the e ects of ber parameters on the energy dissipation of HFRC are also insigni cant. (c) Load Drop. For plain concrete and PFRC, a sudden load drop to zero at the peak stress is observed, with no descending branch. For specimens with steelbers, the load drops are small owing to the steel ber crack-bridging e ect, with an obvious at descending branch, especially for high ber volume fractions.
(d) Envelope Curve. e envelope curves of HFRC can be approximately divided into two branches: ascending branch and descending branch. At the former, the stress is almost linearly increasing to the peak stress of concrete. While, at the descending branch, the stress has a sharp drop at the peak strain and then decreases with increasing axial strain. Moreover, the addition of hybrid ber has a signi cant e ect on the stress-strain behavior of HFRC, for both the pre-and postpeak stages. All the ascending branches of the envelope curves are linear. However, the peak loads and load drops at the peak strain are a ected remarkably by the ber parameters.
e peak strength, peak strain, toughness, and postpeak ductility all increase with increasing ber volume fractions and steel ber aspect ratio. e two kinds of used bers exhibit an obvious synergetic e ect.
Sti ness Degradation.
Sti ness degradation is an important aspect to re ect the damage degree and its evolution of concrete, which can be characterized by the variations of reloading/unloading modulus during cyclic loading [40] . In this study, as a simpli ed calculation rule, the slope between the unloading point and ultimate unloading point is de ned as the unloading elastic modulus. Moreover, a sti ness ratio R s is de ned and used to characterize the damage of HFRC:
where R s is the sti ness ratio, E 0 is the initial elastic sti ness of concrete, and E unl is the unloading sti ness for a loading cycle.
Under Compression.
e sti ness degradation process of HFRC under cyclic compression is shown in Figure 8 . It is found that in general, the process can be divided into two stages: descending stage and stable stage. At the descending branch, an obvious drop in the unloading sti ness is observed. e sti ness ratio decreases with increasing envelope unloading strain due to the initial damage propagation and accumulation. ereafter, the stiffness ratio almost remains a constant until the specimen collapses into failure. e stiffness degradation of FRC is moderate. e stiffness ratios of FRC are larger than those of plain concrete. A sharp drop in the stiffness ratio of plain concrete is observed when the load reaches the peak strength, while that of FRC specimen is smoother. e results indicate that fibers can effectively alleviate the speed of stiffness degradation process, especially for SF. Moreover, an increase in the volume fraction of SF induces an increase in the stiffness ratio, while an opposite trend is seen as the volume fraction of PF increases. In terms of fiber aspect ratio, the influence on the stiffness degradation is insignificant.
Under Tension.
e stiffness degradation process of HFRC under cyclic tension is shown in Figure 9 . It is seen that likewise under compression, the stiffness degradation process can be divided into three stages. At the prepeak stage, a very slight degradation or no degradation in the stiffness is observed. e concrete specimen at this interval is almost elastic before the peak stress, and therefore, the plastic strain is near to zero. e unloading path is tracing together with the reloading path. ere is no energy dissipated in this stage. However, at the peak stress, macrocracks are formed and then propagate with increasing loading cycles. At this moment, energy dissipation occurs, with the unloading path not overlapping with the reloading path. e stiffness has a sharp decrease immediately after the formation of the macrocracks. e decreased amount of the stiffness decreases with increasing axial strain. After reaching 2000 με, the stiffness tends to be a constant. At this stage, the damage in specimens has been completely developed, and thereafter, the specimen reaches to failure. Moreover, it is also found that fibers have significantly positive effects on the stiffness degradation process of concrete, which is alleviated by the inclusion of hybrid fiber. An increase in both volume fractions of SF and PF as well as aspect ratio of SF leads to an increase in the unloading stiffness, indicating a slow stiffness degradation process. 
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Cumulative Dissipated Energy.
Energy dissipation capacity is usually regarded as a critical index to re ect the seismic performance of specimens subjected to cyclic loadings [48] . Obvious energy dissipation phenomenon during the process of cyclic compression can be observed from Figure 4 . erefore, the cyclic performance of concrete can be analyzed using some parameters related to the mechanism of energy dissipation. In order to evaluate the energy dissipated capacity of HFRC, the dissipated energy W pl and W pl are de ned [49] and presented in Figure 10 . Herein, W pl is the area of each loading cycle and W pl is the cumulative dissipated energy of all the loading cycles. e dissipated energy W pl and cumulative dissipated energy W pl for each loading cycle under compression are shown in Figure 11 . It can be seen that all the relationship curves for di erent concrete mixes are similar and the hybrid ber mainly a ects the postpeak branch of the stress-strain curve. e dissipated energy increases rst to the maximum value and then decreases gradually. At the rst four loading cycles, the curves are almost the same for variable ber parameters. After that, the curve changes for variable ber parameters. Moreover, it is found that the larger ber volume fraction of SF and PF as well as aspect ratio of SF leads to a stronger energy dissipated capacity of concrete due to the ber crack-bridging e ect.
It should be noted that due to the small hysteretic loop between the reloading and unloading paths and the low energy dissipated capacity of concrete under cyclic tension, the energy dissipation capacity of HFRC is not evaluated and discussed in this study.
Damage Evolution.
As previously discussed, signicant sti ness degradation is observed for HFRC under both cyclic compression and tension, which is induced by the damage accumulation during the loading process.
erefore, the damage evolution law can be characterized by the sti ness degradation process of HFRC. In this study, a scalar damage index is introduced and expressed as follows:
where d is the damage index. e value of it ranges from 0 to 1.0. e value 0 represents that there is no damage in concrete, and the value 1.0 indicates that the concrete has been completely damaged. E unl is the unloading sti ness and E 0 is the initial elastic modulus.
It has to be mentioned that lots of analytical formulae are proposed to quantify the damage evolution law of concrete. Moreover, it is noted from Figures 8 and 9 that the damage almost remains zero when the specimen is elastic. erefore, the damage evolution equation should be divided into two segments and there exists a threshold value. In this work, based on a regression analysis of the test results, the following equation is adopted, which is described as
where d is the damage variable; ε is the strain; ε th is the threshold value; and a, b, and c are the parameters of the Table 4 .
Compressive Damage Index.
It has been well known that the mechanical response of FRC is closely related to the fiber reinforcing index λ f which is defined as the product of fiber volume fraction and aspect ratio [14] [15] [16] [17] [18] [19] [20] and is written as
where λ f is the fiber reinforcing index and V f and l f /d f are the volume fraction and aspect ratio of a fiber, respectively. It can be seen from Table 4 that the parameters a and b are almost the same for specimens with different fiber parameters. In this study, for a simplified method, the two parameters are assumed as a constant. e average values of them are 0.942 and 1.0, respectively. Moreover, neglecting the synergetic effects of SF and PF, the effective contributions of them are only numerically superimposed, and based on a regression analysis, the parameter c is obtained as
erefore, the compressive damage index can be written in equation (6) , and the fitting result is shown in Figure 14 .
where ε co is the elastic limit of the compressive strain, which is defined as the strain where the stress is 30% of the peak strength of HFRC.
Tensile Damage Index.
It is found from Figure 9 that the effect of PF on the damage evolution of HFRC is insignificant accounted that PF mainly affects the prepeak stage of the stress-strain curves of concrete. erefore, in the establishment of damage evolution formulae, the effects of PF are neglected. Based on the test results, the parameters of equation (5) under cyclic tension are determined in equations (7)∼(9) using a linear function, with the fitting standard deviations of 0.976, 0.996, and 0.999, respectively. e fitting results are shown in Figure 15 .
Constitutive Model for HFRC
Concrete Damaged Plasticity Model (CDPM)
4.1.1. General. From the current study, it is found that the damage and plastic strain are observed significantly when the specimens are subjected to uniaxial cyclic loadings, for both compression and tension. erefore, in order to precisely predict the behavior of HFRC structures subjected to external loads, the two aspects of damage and plastic strain should be considered. In this study, the concrete damaged plasticity (CDP) model is adopted and then modified by experimental results in the current study and literature in an attempt to predict the responses of HFRC materials and structural members. e CDP model includes four major parts, namely, damage evolution, yield surface, hardening/ softening rules, and flow law. e CDP model obeys the classical theory of plasticity with the following assumptions:
(1) Additive strain rate decomposition:
where _ ε is the strain rate; _ ε e is the elastic strain rate; and _ ε p is the plastic strain rate. (2) Scalar damage factor d entering the elasticity stressstrain relation: 
where f is the yield function and λ is the plastic ow multiplier. (4) Nonassociated potential ow rule:
where G is the plastic potential function and σ is the e ective stress. (14) where σ ij is the Cauchy stress tensor; σ ij is the effective stress tensor; D el ijkl is the elastic stiffness tensor; ε ij is the strain tensor; ε pl ij is the plastic strain tensor; and d is the damage index, which is associated with the compressive damage index d c and tensile damage index d t .
Specially, the constitutive model of concrete under uniaxial monotonic compression and tension can be written as equations (15) and (16) . e schemes of them are shown in Figures 16(a) and 16(b) .
where σ c and σ t are the uniaxial stress under compression and tension respectively and E 0 is the elastic modulus of concrete materials. While under cyclic loading conditions, the damage index can be given as
where s t and s c are the dimensionless coefficients accounting for the stress state and stiffness recovery effects.
where w t and w c are the weighting factors ranging from 0 to 1. e factor w c accounts for the reclosing of cracks after a tension-compression reversal; w t represents the recovery of crushed concrete after a compression-tension reversal. In ABAQUS, the default values of them are 1.0 and 0. In this study, w c � 0.9 and w t � 0 are assumed, which means that 90% of the cracks close upon the tension-compression reversal, and the crushed concrete does not experience any recovery. σ 11 is the first principle uniaxial stress (positive for tension). r * is a stress state parameter and given as
For a better understanding of the effect of s c and s t coefficients, the uniaxial stress-strain loading-unloading behavior is schematically illustrated in Figure 16 (c) [50] .
Yield Surface.
e classical Drucker-Prager yield surface is modified by two independent parameters and two sets of data, as shown in Figure 17 [51] . e data sets are the uniaxial stress-strain relationship independent in tension and compression. e first parameter is the ratio of the biaxial compressive yield stress σ b0 to the uniaxial yield stress σ c0 , adapting the yield surface in a biaxial stress state. e second parameter K c changes the shape of deviatoric plane from its circular shape into a smooth triangular shape, as shown in Figure 18 . e yield function in ABAQUS is proposed by Lubliner et al. [52] and then modified by Lee and Fenves [53] . In terms of the effective stress, the yield function is expressed as
where p � −(1/3)σ : I is the effective hydrostatic pressure;
S is the equivalent von Mises stress; S � σ + pI is the deviator of the effective stress; 〈·〉 is the Macaulay bracket, 〈x〉 � (1/2)(x + |x|); σ max is the maximum eigenvalue of tensor σ; α and c are the dimensionless parameters of the material; and the function β(ε p c ) is given by equation (22) . σ c0 and σ t0 are the compressive and tensile effective cohesion stress. σ c0 /σ t0 represents the ratio of the initial equibiaxial compressive yield stress to the initial uniaxial compressive yield stress. K c is the ratio of the second stress invariant on the tensile meridian q TM at the initial yield for any given pressure invariant p and the compressive meridian q CM , and compulsively the condition 0.5 < K c ≤ 1.0 must be satisfied.
Hardening/Softening Rule.
e hardening/softening rules are of critical importance to control the shape and location of the loading surface, as well as the evolution after the initial yield. In ABAQUS, an isotropic hardening rule which is driven to the equivalent plastic strain can be changed by the inelastic strain (for compression) and crack strain (for tension), as illustrated in Figure 19 . e calculation methods of the plastic strain and inelastic strain are given as
where ε ck t and ε in c are the tensile crack strain and compressive inelastic strain.
e equivalent plastic strain which is associated to the damage and current stress can be calculated by the following equations:
where ε pl t and ε pl c are the plastic strain for tension and compression, respectively.
In ABAQUS, it needs to refer the initial tensile crack strain and limit compressive elastic strain. In this work, the peak strain of tensile stress-strain curve and the strain at 30% of the peak stress of the compressive stressstrain curve of concrete are used [54] , as shown in Figure 18 .
Nonassociated Potential Flow.
e nonassociated potential ow is adopted in CDP model, which is given as
where G is the potential function; ψ is the dilation angle measured in the p-q plane; σ t0 is the uniaxial tensile stress; and e is the eccentricity of the potential ow which de nes the rate where the function approaches the asymptote (the linear Drucker-Prager ow potential), which can be assumed as 0.1. e above mentioned values are interpreted in Figure 20 .
Parameter Modi cation.
In ABAQUS, only two sets of uniaxial data and ve additional controlling parameters are needed to input into the software. e uniaxial data corresponding to the stress-strain behavior (under compression and tension separately) after reaching yielding are calculated by equations (25) and (26) . e additional ve parameters describe the yield surface, potential ow, and viscoplastic regulation, respectively. e rst two parameters are σ c0 /σ t0 and K c to modify the yield surface. Two other parameters modify the nonassociated potential ow: dilation angle ψ and eccentricity of the potential ow e. e last one helps to converge the analysis by assuming the viscosity of the material. e modi cation of the ve additional parameters for HFRC has been conducted by the authors' previous studies.
e details of them can be found in Reference [29] . e parameters are all related to the ber characteristic indexes of both SF and PF.
e formulae are shown as
Uniaxial compression
Uniaxial tension
Biaxial tension Biaxial compression
Figure 17: Yield surface in plane stress state [51] .
Figure 18: Yield surface in deviatoric plane, corresponding to di erent values of K c [51] . 
where λ sf V sf (l sf /d sf ) and λ pf V pf (l pf /d pf ) are the ber characteristic parameters of SF and PF; V sf and V pf are the ber volume fractions of SF and PF; and l sf /d sf and l pf /d pf are the aspect ratios of SF and PF, respectively. 
For plain concrete (k t 1), σ b0 /σ c0 1.16.
where ψ 0 is the dilation angle for plain concrete, which is strongly associated to the con nement and concrete strength [55] . In general, increasing con nement results in a higher volumetric and shear strain capacity of concrete, leading to a smaller dilatation angle, while an opposite tendency is observed for the concrete strength [56] . To re ect the above analysis, the empirical formula proposed by Rousakis et al.
[57] is adopted:
where σ cm0 is a parameter for equivalence of units and σ cm0 10 MPa is recommended [57] . e uniaxial monotonic tensile stress-strain equation for HFRC established by Xu et al. [14] is adopted. e formulae are written as 
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where f ft and f t are the peak stress of HFRC and plain concrete, respectively, and ε ft and ε t are the peak strain of HFRC and plain concrete under uniaxial monotonic tension.
For uniaxial monotonic compression, the equations for stress-strain curves of HFRC proposed by Xu et al. [58] are given as
where f fc and f c are the peak stress of HFRC and plain concrete, respectively, and ε fc and ε c are the peak strain of HFRC and plain concrete under uniaxial monotonic tension.
Numerical Results
e model verifications of the damage evolution are upon the concrete material and structural member scales. At the material scale, the established FE model is a unit with a three-dimensional eight-node linear brick and reduced integration with hourglass control solid element (C3D8R). At the member scale, the model is verified for the HFRC deep beam under shear and HFRC beam-column joint under seismic loads. e establishments of the models are in accordance with the experimental program in the literature.
Material Element.
e typical HFRC used in the FE model at the material scale is reinforced with 1.5% SF and 0.15% PF. e aspect ratios of SF and PF are 60 and 167, respectively. e damage index and parameters needed are determined by the equations above and listed in Table 5 . Four distinct loading paths are selected, namely, uniaxial tension, uniaxial compression, triaxial compression, and the cyclic compressive loading path.
e results of the model prediction are shown in Figure 21 . It is evident that the FE predictions agree well with the theoretical and test results. [19] reported the experimental results of the shear behavior of HFRC deep beam. e cross section of the beam is 150 mm × 500 mm, and the span length of the beam is 800 mm. e shear span ratio and span-depth ratio are 1.0 and 1.6, respectively.
Structural Member
HFRC Deep Beam under Shear. Liu and Xu
e details of the setup and reinforcement designed are shown in Figure 22 . e fiber information is as follows: V sf � 1.5%, l sf /d sf � 60, V pf � 0.15%, and l pf /d pf � 167.
e compressive strength of concrete is 58.6 MPa. In the FE model, the components of steel reinforcement and concrete are separately established. e truss element (T3D2) and solid element (C2D8R) are assigned, respectively.
e embedded region constraint is used to simulate the interaction between reinforcement and concrete matrix. Moreover, a steel plate alike as rigid is tied to the top middle of the beam. e established FE model is shown in Figure 23 .
In the beam test, the load-controlled method before the peak load and the displacement-controlled method after the peak load were adopted. Specially, the two preloading loads of 100 kN were applied. Before the peak load, the load increment was set as 50 kN. After that, the displacementcontrolled method was adopted with a speed of 0.6 mm/ min until the specimen was failure. However, in the FE simulation, the displacement-controlled load applied to the reference point was used with the speed of 0.001 mm/s during the whole loading process.
Figures 24 and 25 compare the numerical results with the experimental results in Reference [19] with respect to the failure mode and axial load-axial displacement curve, respectively.
e cloud diagram of the maximum principle plastic strain of concrete can be used to reflect the position and orientation of the cracks. e results indicate that the failure of the reinforced concrete (RC) deep beam is the splitting failure mainly induced by the shear diagonal cracks.
e cracking of concrete is mainly due to the maximum tensile stress at the bottom of the specimen. e widths and lengths of the cracks increase with increasing external loads. During the loading process, the internal stress redistribution in the specimen forms the shear oblique cracks on the specimen surface like an arch. Moreover, the prediction of the load-deflection curves agrees well with the testing curves. It can be concluded that the modified CDP model can provide a close estimation of the shear behavior of HFRC deep beam, in terms of the cracking process, ultimate bearing capacity, and deformation.
HFRC Beam-Column Joints under Seismic Loading.
e authors conducted an experimental investigation on the seismic performance of HFRC beam-column joints. e details of the dimensions and design of reinforcement steel bars are shown in Figure 26 . In this work, the specimen (V sf � 1.5%, l sf /d sf � 60, V pf � 0.15%, l pf /d pf � 167, and f c � 60.5 MPa) is selected, and the five additional parameters used are shown in Table 5 . e axial load limit used in the beam-column joint was 457 kN. e steel reinforcement and concrete are also established separately. e embedded region constraint is also used to simulate the interaction between reinforcement and concrete matrix. Moreover, two analytical rigid steel plates are used to tie to the top bottom of the beams. e experimental test setup and instruments are shown in Figure 27 (a). A hybrid load-displacement load controlled method is applied in this work, as revealed in Figure 27 (b). e FE model established is shown in Figure 28 . Figures 29 and 30 exhibit the comparisons of the model results and experimental results of the hysteretic behavior and skeleton as well as the failure pattern of HFRC beamcolumn joints. It is observed from Figure 29 that the simulated hysteretic curve is in good agreement with the test results at the peak point of each cycle. e peak load only has a little di erence from each other under each loading cycle; however, the hysteretic loop of the simulated hysteretic curve is fuller than the testing one, and the pinching is far less than the testing curves. e main reasons for this are that the core area of the frame joint of the test specimen is weak, and during the loading process, the crack in the core area is large, which induces an obvious bond slip between steel bar and concrete.
erefore, the hysteresis curve of the test results is seriously pinched. However, the crack development Advances in Materials Science and Engineeringand the bond slip between steel bar and concrete are ignored in the FE model, so the hysteresis curve is very full. With respect to the skeleton curve, it is found that the predicted curve is close to the testing one. e established model can well re ect the mechanical properties of the beam-column joint under seismic loads. Moreover, it is seen from Figure 30 that the failure process by model prediction is consistent with the test results. At the ultimate failure stage, the column end and the adjacent beam ends of concrete as well as the core area of the frame node are seriously damaged, with obvious deformation. ese parts are the main stress area of the frame node, while the beam end far from the core area of the frame node is less stressed. Moreover, the external drum of the concrete at the core area of the frame node is observed, which is in line with the vertical expansion of the concrete in the core area and peeling and cracking as well as spalling of the protective layers under the actions of repeated tension and compressive and shear forces. e main stress and deformation areas of the reinforcement are concentrated in and around the core area of the frame joint, and the stress of some of the reinforcement reaches yield strength, which is consistent with the test results. e stresses of steel bars in the core area of the frame joint and the plastic hinge area of the beam end are greater, among which, the most serious stress and deformation is the tensile reinforcement in this range, and some of the hoop reinforcements also reach the yield strength. In addition, the steel at the core area drums signi cantly, and part of the stirrup stress reaches the yield strength. Meanwhile, the stresses of the stirrups which are farther away from the frame joint core are smaller. e ndings indicate that the stirrups of the columns have strong restriction e ect of core concrete, but under the concrete and rebar con guration still cannot meet the requirements of "strong frame node"; therefore, it needs to arrange more stirrups in the core to enhance the strength of frame nodes. From the above mentioned analysis, it is obvious that the model predictions of the seismic behavior of HFRC beamcolumn joint agree well with the experimental results, with a slight difference observed.
Conclusions
From the present research, the following main conclusions can be drawn:
(1) e addition of hybrid fiber improves the cyclic mechanical properties in terms of peak strength, peak strain, toughness, and postpeak ductility of HFRC under uniaxial tension and compression, which increase with increasing fiber parameters. In the hybrid system, the steel fiber plays the dominant role in the enhancement of cyclic mechanical parameters of HFRC. Moreover, the steel fiber volume fraction on the behaviors of HFRC shows more pronounced effect than that of other factors considered. (2) Significant stiffness degradation is observed for HFRC under both cyclic tension and compression, which is alleviated by increasing fiber parameters. e energy dissipation of plain concrete and PFRC is insignificant, while that of HFRC is obvious and becomes larger as fiber parameters increase due to the steel fiber sliding and pullout as well as the synergetic effects of hybrid fiber. (3) e damage of concrete increases with increasing loading cycles, for both cyclic tension and compression, which decreases with an increase in the fiber parameters. Based on the stiffness degradation process, analytical formulae for the damage evolution laws of HFRC are, respectively, suggested for uniaxial tensile and compressive loading cases, with the effects of hybrid fiber taken into consideration.
(4) Based on the test results in previous studies, the concrete damaged plasticity (CDP) model in ABA-QUS is modified, with the effects of hybrid fiber taken into consideration. en, the proposed damage evolution equations under tension and compression combined with the calibrated model are used to predict the mechanical responses of HFRC materials and structural members under static and dynamic loadings.
e comparisons between the numerical and experimental results show good agreements.
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